1. Introduction {#sec1-molecules-23-00779}
===============

Basal defoliation, defined as the practice of leaf removal in the fruit zone, is one of the most common viticulture management practices to modify fruit zone microclimates (sunlight exposure, fruit zone temperature, and fruit zone air circulation). Previous studies have demonstrated that basal defoliation was effective against reducing foliage over, enhancing cluster light exposure and canopy porosity, and controlling the incidence of disease \[[@B1-molecules-23-00779],[@B2-molecules-23-00779],[@B3-molecules-23-00779]\]. Changes in fruit zone microclimates are believed to impact quality-associated primary and secondary metabolites in grape and wine composition \[[@B4-molecules-23-00779],[@B5-molecules-23-00779],[@B6-molecules-23-00779]\]. Sunlight-exposed clusters by basal defoliation are generally characterized by higher sugars, anthocyanins, flavonols, and lower malic acid and titratable acidity compared with shaded clusters \[[@B7-molecules-23-00779],[@B8-molecules-23-00779]\]. Therefore, in cool regions where low heat accumulation, high humidity, and rainfall are common, basal defoliation is widely used to advance berry ripening \[[@B9-molecules-23-00779]\]. Nevertheless, under the background of global warming, the rise in average temperature and the associated increase in heat accumulation have caused earlier harvest dates in many regions \[[@B10-molecules-23-00779]\]. Recently, late apical defoliation, removing leaves located above the bunch zone between veraison and harvest, has been reported as an effective method to delay harvest. Since young leaves at the top of the main shoot are the main contributors to the accumulation of sugars in the fruit between veraison and harvest, this technique could lead to source limitation and cause a delay of grape ripening \[[@B11-molecules-23-00779],[@B12-molecules-23-00779],[@B13-molecules-23-00779]\]. Traditional basal defoliation, in warm regions, applied at veraison is more likely to lead to berry sunburn, which is unfavorable for the biosynthesis of anthocyanins \[[@B14-molecules-23-00779],[@B15-molecules-23-00779]\]. Given this, an innovative viticultural technique of basal defoliation applied before flowering has been developed. This technique can not only influence berry composition by altering source-to-sink ratio, cluster compactness, and fruit exposure, but also prevent bunches from being subjected to over-exposure along with high temperatures in the hottest part of the season when lateral leaves grow back and partially shade bunches \[[@B16-molecules-23-00779]\]. Additionally, several studies have documented that both the timing and severity of basal defoliation has an important effect on berry composition \[[@B17-molecules-23-00779],[@B18-molecules-23-00779],[@B19-molecules-23-00779]\]. Therefore, appropriate timing and the extent of basal defoliation should be investigated based on the specific climate conditions.

Improvement of wine bouquet is of great interest to viticulturists and winemakers due to their importance to wine quality. Generally, wine aroma can be categorized as varietal aromas (terpenes, norisoprenoids, and methoxypyrazines), fermentation aromas (higher alcohols and their acetates as well as fatty acids and their ethyl esters) and aging aromas (volatile phenols). Varietal aromas of wine mainly derive from grapes and are subjected to genotypic and environmental factors (light, temperature, and water availability) \[[@B20-molecules-23-00779]\]. Given this, basal defoliation can be an effective practice on directly modifying wine varietal aromas. Fermentation aromas are formed via fatty acid metabolism or amino acid metabolism by yeast activity during fermentation \[[@B21-molecules-23-00779]\]. Furthermore, several studies have demonstrated that fatty acids and amino acids are sensitive to environmental factors. Fatty acids in berries have shown diverse behaviors in different training systems \[[@B22-molecules-23-00779]\], for example, and concentrations of amino acids in berries have been altered by sunlight exposure \[[@B23-molecules-23-00779],[@B24-molecules-23-00779]\]. Thus, it is possible that fermentation aromas can be affected by basal defoliation by altering their substrate levels. Many studies have recently been conducted to investigate the influence of basal defoliation on volatile compounds in grape and wine, but discrepancies exist among these studies. The controversial results across these studies indicate that the grape cultivar or clone \[[@B25-molecules-23-00779],[@B26-molecules-23-00779],[@B27-molecules-23-00779]\], the climate condition \[[@B28-molecules-23-00779]\], grape maturity \[[@B29-molecules-23-00779]\], and the timing and severity of defoliation \[[@B28-molecules-23-00779],[@B30-molecules-23-00779],[@B31-molecules-23-00779]\] might be responsible for the varied effects of basal defoliation on the aromatic properties of grape and wine.

Meta-analysis, using statistical methods to combine data from multiple experiments, is an objective and quantitative approach for summarizing results of published studies on the same topic. The authors of the current study collected and analyzed the data from previous studies investigating the effects of basal defoliation on wine aromas, with the aim to dissect the factors relative to these effects. Both the aromas originating from the grape and the aromas mainly produced during fermentation and processing are discussed. The findings of the present study are intended to provide a theoretical basis for viticulturists and winemakers to manipulate wine volatile profiles by appropriate defoliation.

2. Results and Discussion {#sec2-molecules-23-00779}
=========================

2.1. The Effects of Basal Defoliation on Varietal Aromas {#sec2dot1-molecules-23-00779}
--------------------------------------------------------

### 2.1.1. C~13~-Norisoprenoids {#sec2dot1dot1-molecules-23-00779}

C~13~-norisoprenoids have been identified as important volatile compounds in wine due to their low olfactory thresholds and pleasant smell. Though relatively lower levels of free C~13~-norisoprenoids are detectable in juice, the majority of C~13~-norisoprenoids in wine are derived from non-volatile C~13~-norisoprenoid glycosides, which can be released during the process of winemaking or storage \[[@B32-molecules-23-00779]\]. Carotenoids serving as the precursors to both free and bound C~13~-norisoprenoids can be catalyzed by carotenoid cleavage dioxygenase (CCD) to produce aroma apocarotenoids including *β*-damascenone, *β*-ionone, geranylacetone, *α*-ionone, vitispirane A, vitispirane B, and TDN \[[@B33-molecules-23-00779],[@B34-molecules-23-00779]\]. Attention was paid to two C~13~-norisoprenoids, *β*-damascenone and *β*-ionone. *β*-Damascenone contributes to floral, sweet, and fruity notes of wine, and it can enhance fruity notes of ethyl cinnamate and caproate as well as mask the herbaceous aroma of 3-isobutyl-2-methoxypyrazine (IBMP) in wine \[[@B35-molecules-23-00779]\]. *β*-Ionone has also been widely studied for its typical violet odor \[[@B36-molecules-23-00779],[@B37-molecules-23-00779]\].

The aggregated results of meta-analysis for *β*-damascenone suggest that basal defoliation significantly improves the concentration of *β*-damascenone in wine (SMD = 0.81, 95% CI = 0.17--1.45, *p* = 0.01, *p* for heterogeneity = 0.05, *I*^2^ = 43%). Subgroup analyses were further conducted based on the timing of basal defoliation applied: pre-veraison (early) and veraison/post-veraison (late). Early defoliation significantly increases the concentration of *β*-damascenone in wine (SMD = 1.34, 95% CI = 0.35--2.32, *p* = 0.008, *p* for heterogeneity = 0.03, *I*^2^ = 55%). These noteworthy increases have only been reported by Feng et al. \[[@B28-molecules-23-00779]\], who observed that industry-standard (IS) defoliation treatment is a major contributor to heterogeneity. Following removal of the heterogeneous observations, positive effects on *β*-damascenone in wine caused by early defoliation were not heterogeneous ([Figure 1](#molecules-23-00779-f001){ref-type="fig"}, SMD = 1.73, 95% CI = 1.02--2.44, *p* \< 0.001, *p* for heterogeneity = 0.50, *I*^2^ = 0%). Several studies have confirmed that early defoliation can enhance the level of *β*-damascenone in wine \[[@B26-molecules-23-00779],[@B29-molecules-23-00779]\]. Furthermore, higher defoliation levels cause greater concentrations of *β*-damascenone. The increase in *β*-damascenone levels induced by early defoliation is closely related to the fact that early defoliation significantly increases specific carotenoids in grapes \[[@B4-molecules-23-00779],[@B38-molecules-23-00779]\]. Carotenoids are believed to be the essential components of all photosynthetic organisms, which participate in light harvesting and photoprotection \[[@B39-molecules-23-00779]\]. A major regulatory mechanism of carotenoid genes appears to be developmentally regulated, and environmental factors such as light exposure also influence the expression of related genes \[[@B4-molecules-23-00779]\]. Distinct increases of *β*-damascenone induced by pre-veraison defoliation might derive from higher substrate availability, since pre-veraison berries are photosynthetically active \[[@B40-molecules-23-00779]\]. Contrarily, Kwasniewski et al. \[[@B38-molecules-23-00779]\] reported that early defoliation has no significant effect on the concentration of *β*-damascenone in wine. Moreover, Verzera et al. \[[@B29-molecules-23-00779]\] proposed that the eliminated effect of early defoliation on *β*-damascenone in the wine of second harvest that they observed (°Brix of grape approximately 24.6) was probably due to the excessive sun exposure of the clusters. A hidden effect of early defoliation on *β*-damascenone might also be attributed to the interference of cultivar genotype or climate factors of the experimental region \[[@B18-molecules-23-00779],[@B28-molecules-23-00779]\]. Regarding the late defoliation subgroup, no differences were found among control and defoliated wines in concentrations of *β*-damascenone ([Figure 1](#molecules-23-00779-f001){ref-type="fig"}, SMD = 0.18, 95% CI = −0.47--0.82, *p* = 0.59, *p* for heterogeneity = 0.88, *I*^2^ = 0%). Regarding *β*-ionone in wine, meta-analysis indicates that basal defoliation significantly increases its concentration ([Figure S1](#app1-molecules-23-00779){ref-type="app"}, SMD = 0.69, 95% CI = 0.22--1.15, *p* = 0.004, *p* for heterogeneity = 0.82, *I*^2^ = 0%); however, this result needs to be rigorously tested due to the limited number of studies.

### 2.1.2. Terpenes {#sec2dot1dot2-molecules-23-00779}

Terpenes are considered to be characteristic aroma contributors to the Muscat varieties, and play an important role in non-Muscat grapes and wines \[[@B41-molecules-23-00779],[@B42-molecules-23-00779]\]. The most predominant terpenes in grape and wine are linalool, geraniol, limonene, *α*-terpineol, and nerol, which occur at low concentrations but have important effects on the sensory characteristics of wine. Therefore, winemakers are interested greatly in increasing the terpenes level in grapes and wines by various viticulture and wine-making techniques. The differences between the concentrations of these compounds can also be used to distinguish different varieties \[[@B43-molecules-23-00779]\]. The compounds of terpenes such as linalool and geraniol have received more attention due to their sensory contribution.

The aggregated results of meta-analysis for linalool in wine suggest that defoliation significantly improves the concentration of linalool in wine with moderate heterogeneity (SMD = 1.53, 95% CI = −0.23--7.38, *p* = 0.002, *p* for heterogeneity \< 0.001, *I*^2^ = 76%). Subgroup analyses were conducted based on the timing of basal defoliation applied. Regarding the pre-veraison subgroup, defoliation significantly increases the linalool level (*p* \< 0.001, *p* for heterogeneity \< 0.001, *I*^2^ = 76%). Sensitivity analysis indicates that the observations reported by Vilanova et al. \[[@B30-molecules-23-00779]\] contribute to a greater proportion of heterogeneity in the subgroup of pre-veraison. After the study of Vilanova et al. \[[@B30-molecules-23-00779]\] is removed, meta-analysis shows that early defoliation significantly increases linalool with low heterogeneity ([Figure 2](#molecules-23-00779-f002){ref-type="fig"}, SMD = 3.10, 95% CI = 2.18--4.02, *p* \< 0.001, *p* for heterogeneity = 0.37, *I*^2^ = 7%). The authors' meta-analysis results are in accordance with a recent study that demonstrated that sunlight exposure is essential to the biosynthesis and accumulation of linalool in berries \[[@B44-molecules-23-00779]\]. Additional to the studies included in the meta-analysis, other studies found that the effect of early defoliation on linalool levels in wine depends on grape cultivar and the period of grape harvest. To be specific, Hernandez-Orte et al. \[[@B26-molecules-23-00779]\] found that early-defoliation-treated wines Gewuztraminer and Chardonnay have higher amounts of linalool than did the control wines, while the opposite results were found in Merlot and Tempranillo wines. In Verzera et al.'s study \[[@B29-molecules-23-00779]\], early defoliation significantly increased the concentration of linalool in wines of first harvest (°Brix of approximately 24.8), but it had no effect on linalool levels in the wine of second harvest (°Brix of grape approximately 24.6). Regarding the late defoliation subgroup, no marked differences were found among treatment and control wines for linalool concentrations ([Figure 2](#molecules-23-00779-f002){ref-type="fig"}, SMD = −0.05, 95% CI = −0.81--0.72, *p* = 0.90, *p* for heterogeneity = 0.33, *I*^2^ = 13%). The meta-analysis for geraniol indicates that basal defoliation leads to higher geraniol in wine with moderate heterogeneity ([Figure S2](#app1-molecules-23-00779){ref-type="app"}, SMD = 1.10, 95% CI = 0.33--1.86, *p* = 0.005, *p* for heterogeneity = 0.02, *I*^2^ = 56%). Song et al. \[[@B45-molecules-23-00779]\] reported that basal defoliation led to higher geraniol levels compared to controls and proposed that higher geraniol levels in wines can be attributed to higher grape maturity (°Brix of treated grapes approximately 23.6 versus that of controls being approximately about 21.7) as a result of sun exposure treatment \[[@B46-molecules-23-00779]\]. However, higher concentrations of geraniol were also observed by Feng et al. \[[@B28-molecules-23-00779]\] in 2011 in defoliated wines compared with control wines, even though basal defoliation had no evident effect on grape maturity. Additionally, Feng et al. \[[@B28-molecules-23-00779]\] found that basal defoliation had no significant effect on geraniol levels in 2012 wines, which agreed with the study of Baiano et al. \[[@B31-molecules-23-00779]\]. The two seasons exhibited distinct weather conditions in the study of Feng et al. \[[@B28-molecules-23-00779]\]*:* the 2012 season was characterized by a warmer and drier climate than the 2011 season, and the weather variations might have been responsible for the varied effect of basal defoliation on geraniol levels in the wines of the two seasons \[[@B28-molecules-23-00779]\]. Additionally, the influence of basal defoliation on geraniol might be altered by cultivar factors \[[@B26-molecules-23-00779]\]. Overall, terpenes are present mainly in glycoside precursor form in grapes or juice and can be released by enzymatic and acidic hydrolysis to the corresponding free form during wine making \[[@B47-molecules-23-00779]\]. The increase in principal glycoside terpene precursors induced by pre-veraison defoliation might lead to a higher amount of linalool and geraniol in wine \[[@B1-molecules-23-00779]\]. However, due to the limited numbers of studies included in this meta-analysis, more precise and comprehensive experiments should be carried out to verify the previous results and explain the heterogeneity caused by the grape cultivar, the harvest date, and the timing of basal defoliation applied to finally benefit the wine industry.

### 2.1.3. Methoxypyrazines {#sec2dot1dot3-molecules-23-00779}

The odor of methoxypyrazines is generally described as vegetal and bell pepper-like \[[@B48-molecules-23-00779]\]. Although persisting at low concentrations, methoxypyrazines play an important role in the flavor of wine due to its quite low odor threshold in wine (\~1 ng/L) \[[@B49-molecules-23-00779]\]. Excessive methoxypyrazines in wine can mask floral and fruity notes of wine, which leads to unpleasant vegetative sensory notes especially in red wine \[[@B50-molecules-23-00779]\]. Methoxypyrazines in wine are extracted from grape skins and stems during fermentation \[[@B51-molecules-23-00779]\]. Among methoxypyrazines, 3-isobutyl-2-methoxypyrazine (IBMP) is most often reported above its threshold in wine. Koch et al. \[[@B48-molecules-23-00779]\] observed that berry IBMP accumulated subsequent to berry set, peaked prior to the onset of ripening, and subsequently decreased until harvest. Increasing light intensity before ripening inhibited IBMP accumulation in berries, while light modulation during ripening did not significantly affect IBMP concentrations in the berries at harvest. Several studies also confirmed that basal defoliation applied before veraison significantly reduces the concentration of IBMP in berries at harvest \[[@B5-molecules-23-00779],[@B52-molecules-23-00779],[@B53-molecules-23-00779]\]. Thus, it was clear that early basal defoliation leads to lower concentrations of IBMP in wines compared with the control treatment ([Figure 3](#molecules-23-00779-f003){ref-type="fig"}, SMD = −5.80, 95% CI = −8.53--3.07, *p* \< 0.0001, *p* for heterogeneity = 0.22, *I*^2^ = 27%). However, due to the scarcity of papers investigating the effect of basal defoliation on IBMP in wine, more studies should be conducted to verify these meta-analysis results.

2.2. Effects of Basal Defoliation on Aromas Related to Fermentation {#sec2dot2-molecules-23-00779}
-------------------------------------------------------------------

### 2.2.1. C~6~-Compounds {#sec2dot2dot1-molecules-23-00779}

Six carbon (C~6~) compounds are referred to as "green leaf volatiles" (GLVs) since these compounds are characterized as "herbaceous" and "green" aromas. C~6~ compounds mainly consist of alcohols, aldehydes, and esters, which are generated through an oxylipin pathway in response to mechanical damage, fungal or bacterial infection, and abiotic stress such as high light, temperature, and drought \[[@B54-molecules-23-00779]\]. Typical C~6~ alcohols mainly include 1-hexanol, (*E*)-3-hexenol, and (*Z*)-3-hexenol. Among these compounds, 1-hexanol is prevalent in wines and arises from the 1-hexanol present in grapes and from the transformation of hexanal, (*E*)-2-hexenol, and (*Z*)-2-hexenol during fermentation \[[@B55-molecules-23-00779]\]. The aggregated results of the meta-analysis shows that basal defoliation has no significant influence on the concentration of 1-hexanol in wine (SMD = −0.37, 95% CI = −1.11--0.37, *p* = 0.33), whereas the pooled results were heterogeneous (*p* for heterogeneity \< 0.001, *I*^2^ = 73%). Meta-regression analysis suggests that berry maturity level (shown in [Section 3.2](#sec3dot2-molecules-23-00779){ref-type="sec"}) is the main source of heterogeneity (*p* = 0.015). Therefore, further subgroup analysis was conducted to explore the effects of basal defoliation on 1-hexanol in wines from grapes with different maturities. Basal defoliation has no significant effect on 1-hexanol in wines from grapes with low maturity ([Figure 4](#molecules-23-00779-f004){ref-type="fig"}, SMD = 0.09, 95% CI = −0.58--0.76, *p* = 0.79, *p* for heterogeneity = 0.12, *I*^2^ = 37.4%), while it significantly decreases the concentration of 1-hexanol in wines from grapes with high maturity ([Figure 4](#molecules-23-00779-f004){ref-type="fig"}, SMD = −3.43, 95% CI = −4.91--2.16, *p* \< 0.001, *p* for heterogeneity = 0.51, *I*^2^ = 0%). Verzera et al. \[[@B29-molecules-23-00779]\] also found that the effect of basal defoliation on 1-hexanol in wine depends on the period of the grape harvest. Regarding the wines from grapes with moderate maturity, basal defoliation produces varied effects on 1-hexanol ([Figure 4](#molecules-23-00779-f004){ref-type="fig"}, SMD = 0.01, 95% CI = −1.35--1.37, *p* = 0.99, *p* for heterogeneity \< 0.001, *I*^2^ = 82%). Vilanova et al. \[[@B30-molecules-23-00779]\] proposed that the significant reduction in 1-hexanol induced by early defoliation is correlated with the greater total soluble solids in must, where the defoliation treatment was performed, especially at pre-bloom. Conversely, Šuklje et al. \[[@B5-molecules-23-00779]\] observed that the concentration of 1-hexanol was significantly increased by early defoliation although higher total soluble solids were measured in defoliation-treated wines than that in the control ones, which was in accordance with another study with grapes clarified as moderate maturity (°Brix of grape at 23--24, not included in this meta-analysis) \[[@B56-molecules-23-00779]\]. Basal defoliation applied at the ripening stage also exhibits varied effects on 1-hexanol in wines from grapes with moderate maturity \[[@B2-molecules-23-00779],[@B45-molecules-23-00779]\]. Other factors besides grape maturity, such as cultivar genotype, might mediate the behavior of basal defoliation in 1-hexanol in wine. The concentrations of (*E*)-3-hexenol and (*Z*)-3-hexenol have been found to range 3--191 and 10--94 μg/L in wine, respectively, and be much lower than their thresholds (400 and 1550 μg/L for (*E*)-3-hexenol and (*Z*)-3-hexenol, respectively) \[[@B57-molecules-23-00779]\]. Thus, the flavor notes of the wines seem to be unaffected, although basal defoliation can exhibit varied effects on (*E*)-3-hexenol and (*Z*)-3-hexenol \[[@B28-molecules-23-00779],[@B29-molecules-23-00779],[@B30-molecules-23-00779],[@B56-molecules-23-00779]\]. C~6~ aldehydes in grapes, such as hexanal and (*E*)-2-hexenal, have been found to be mostly transformed to their corresponding alcohols in wine during fermentation due to the activity of alcohol dehydrogenase (ADH) in yeast \[[@B58-molecules-23-00779]\], and no C~6~ aldehydes have been reported in the studies included in this meta-analysis. Multiple C~6~ alcohols and aldehydes are precursors to hexyl acetate \[[@B59-molecules-23-00779]\], which can be synthesized by alcohol acetyl-transferases (AATases) in yeast during fermentation \[[@B60-molecules-23-00779]\]. Hexyl acetate contributes to "green apple" and sweet aromas of wine. Meta-analysis shows that defoliation has no significant effect on the concentrations of hexyl acetate in wine with low heterogeneity ([Figure S3](#app1-molecules-23-00779){ref-type="app"}, SMD = −0.09, 95% CI = −0.56--0.38, *p* = 0.70, *p* for heterogeneity = 0.03, *I*^2^ = 43%). Several studies reported that different yeast strains affected the content of hexyl acetate in wine \[[@B61-molecules-23-00779],[@B62-molecules-23-00779]\], so the yeast strain possibly contributes to the heterogeneity of meta-analysis for hexyl acetate.

### 2.2.2. Higher Alcohols and Their Derived Acetates {#sec2dot2dot2-molecules-23-00779}

Isobutanol, isoamyl alcohol, and *β*-phenylethanol are the most abundant higher alcohols in wine. Among them, isobutanol and isoamyl alcohol suppress fruity and woody notes but not leather/animal/ink notes and impart a negative aroma quality to wine \[[@B63-molecules-23-00779]\]. The presence of *β*-phenylethanol can contribute to "honey and rose" aromas of wine. Higher alcohols in wine are produced from amino acid catabolic metabolism as well as sugar anabolic metabolism. Briefly, α-keto acids are generated through amino acid deamination (the Ehrlich pathway) \[[@B64-molecules-23-00779]\] or biosynthesized from hexoses (the anabolic pathway) \[[@B65-molecules-23-00779]\] and are then enzymatically decarboxylated to their corresponding aldehydes, which can be reduced to higher alcohols.

Generally, production of higher alcohol in wine is negatively correlated with yeast assimilable nitrogen (YAN) in must \[[@B66-molecules-23-00779]\]. Furthermore, there is a close relationship between some higher alcohols in wine and some specific amino acids in must; for instance, the levels of *β*-phenylethanol and methionol in wine are closely related to the levels of phenylalanine and methionine in must, respectively \[[@B67-molecules-23-00779]\]. Martin et al. \[[@B68-molecules-23-00779]\] measured similar YAN levels in exposed and shaded berries in two of three years. Moreover, although sunlight exposure can reduce the content of amino acids in berries as opposed to that in shaded berries \[[@B23-molecules-23-00779],[@B24-molecules-23-00779]\], a greater proportion of higher alcohols are synthesized via the anabolic pathway of hexoses, versus the catabolism of amino acids via the Ehrlich pathway \[[@B65-molecules-23-00779]\], so it appears that neither isobutanol or isoamyl alcohol in wine are affected by basal defoliation according to the result of meta-analysis ([Figure S4](#app1-molecules-23-00779){ref-type="app"}, SMD of −0.03 and −0.18, 95% CI of −0.37--0.32 and −0.14--0.50, *p* of 0.87 and 0.27 for isobutanol and isoamyl alcohol, respectively), which found no significant heterogeneity ([Figure S4](#app1-molecules-23-00779){ref-type="app"}, *p* for heterogeneity of 0.73 and 0.75 for isobutanol and isoamyl alcohol, respectively, *I*^2^ of 0% for both isobutanol and isoamyl alcohol). Kozina et al. \[[@B25-molecules-23-00779]\] also reported no differences between control and defoliated wines for the concentrations of isobutanol and isoamyl alcohol. However, it is significant that two other studies not included in this meta-analysis found that early basal defoliation can significantly enhance the concentrations of isobutanol and isoamyl alcohol in wine \[[@B27-molecules-23-00779],[@B56-molecules-23-00779]\]. Aggregated results of the meta-analysis shows that basal defoliation does not impose a significant effect on *β*-phenylethanol in wine ([Figure 5](#molecules-23-00779-f005){ref-type="fig"}, SMD = 0.34, 95% CI = −0.09--0.78, *p* = 0.12, *p* for heterogeneity = 0.06, *I*^2^ = 38%). Surprisingly, meta-regression analysis suggests that the berry maturity level is the main source of heterogeneity and explains 100% of the heterogeneous source of the pooled effect (*p* = 0.001). Further subgroup analysis of berry maturity shows that basal defoliation has no significant effect on the content of *β*-phenylethanol in wines from grapes with low and moderate maturity ([Figure 5](#molecules-23-00779-f005){ref-type="fig"}, SMD of −0.20 and 0.37, 95% CI of −0.68--0.29 and −0.14--0.87, *p* of 0.43 and 0.82 for *β*-phenylethanol in wines from grapes with low and moderate maturity, respectively) but significantly increases the content of *β*-phenylethanol in wines from grapes with high maturity ([Figure 5](#molecules-23-00779-f005){ref-type="fig"}, SMD = 2.70, 95% CI = 1.57--3.84, *p* \< 0.001). These three berry maturity level subgroup meta-analyses for *β*-phenylethanol are not heterogeneous (*p* for heterogeneity of 0.95, 0.83, and 0.96 for low, moderate, and high maturity subgroup meta-analyses for *β*-phenylethanol, respectively, *I*^2^ = 0% for all three subgroup meta-analyses for *β*-phenylethanol). Therefore, the effect of basal defoliation on *β*-phenylethanol in wine can be mediated by grape maturity.

Higher alcohol acetates (HAAs), including isobutyl acetate, isoamyl acetate, 2-phenylethyl acetate, contribute to the fruity aroma of wine. Meta-analysis suggests that basal defoliation decreases the concentrations of isobutyl acetate in wine but not significantly ([Figure S5](#app1-molecules-23-00779){ref-type="app"}, SMD = 0.43, 95% CI = −0.07--0.94, *p* = 0.09, *p* for heterogeneity = 0.22, *I*^2^ = 24%), which agrees with the studies of Kozina et al. \[[@B25-molecules-23-00779]\] and Hernandez-Orte et al. \[[@B26-molecules-23-00779]\] not included in the meta-analysis. Regarding isoamyl acetate in wine, basal defoliation significantly increased its concentration ([Figure 6](#molecules-23-00779-f006){ref-type="fig"}, SMD = 0.52, 95% CI = 0.18--0.85, *p* = 0.002, *p* for heterogeneity = 0.74, *I*^2^ = 0%). Similarly, Verzera et al. \[[@B29-molecules-23-00779]\] observed that basal defoliation increased the concentration of isoamyl acetate in wines from grapes harvested at first date (°Brix of grape approximately 24.8), and Morena et al. \[[@B56-molecules-23-00779]\] observed that basal defoliation increased the concentration of isoamyl acetate in wine. The aggregated results of meta-analysis indicate that basal defoliation does not produce a significant effect on the concentration of 2-phenylethyl acetate in wine ([Figure 7](#molecules-23-00779-f007){ref-type="fig"}, SMD = 0.42, 95% CI = −0.22--1.05, *p* = 0.20, *p* for heterogeneity \< 0.001, *I*^2^ = 63%). Meta-regression suggests that the berry maturity level is the major contributor to the heterogeneity of meta-analysis for 2-phenylethyl acetate in wine and explained 89.3% of heterogeneity (*p* = 0.004). Subgroup analysis based on berry maturity level indicates that basal defoliation has no significant effect on 2-phenylethyl acetate in wines from grapes with low and medium maturity ([Figure 7](#molecules-23-00779-f007){ref-type="fig"}, SMD of −0.43 and 0.58, 95% CI of −1.19--0.32 and −0.27--1.43, *p* of 0.26 and 0.18, *p* for heterogeneity of 0.17 and 0.11, *I*^2^ of 33% and 51% for 2-phenylethyl acetate in wines from grapes with low and moderate maturity, respectively), but significantly increases the content of 2-phenylethyl acetate in wines from grapes with high maturity ([Figure 7](#molecules-23-00779-f007){ref-type="fig"}, SMD = 2.07, 95% CI = 1.06--3.09, *p* \< 0.001, *p* for heterogeneity = 0.37, *I*^2^ = 0%). Not surprisingly, since *β*-phenylethanol is the precursor of phenyl acetate, subgroup analysis of 2-phenyl acetate shows results similar to those of β-phenylethanol; the effects of defoliation on phenyl acetate appear to vary in wines from grapes with different maturities.

### 2.2.3. Fatty Acids and Their Derived Ethyl Esters {#sec2dot2dot3-molecules-23-00779}

Hexanoic acid, octanoic acid, and decanoic acid are common volatile fatty acids in wine, and octanoic acid is more abundant than the other two compounds. These volatile fatty acids contribute to fatty, rancid, and cheese aromas.

Meta-analysis shows that defoliation has no significant effect on the concentration of hexanoic acid in wine ([Figure S6](#app1-molecules-23-00779){ref-type="app"}a, SMD = 0.38, 95% CI = −0.01--1.94, *p* = 0.05, *p* for heterogeneity = 0.75 *I*^2^ = 0%). Contradictory to the current meta-analysis results, Verzera et al. \[[@B29-molecules-23-00779]\] observed that defoliation applied at fruit set significantly increased the content of hexanoic acid in wines from grapes harvested at first date (°Brix of grape approximately 24.8), and Moreno et al. \[[@B56-molecules-23-00779]\] documented that defoliation applied at pre-bloom significantly increased the content of hexanoic acid in wines in two of three seasons. Octanoic acid in wines was not significantly affected by basal defoliation ([Figure S6](#app1-molecules-23-00779){ref-type="app"}b, SMD = −0.01, 94% CI = −0.47--0.44, *p* = 0.95, *p* for heterogeneity = 0.08, *I*^2^ = 38%). Additionally, sensitivity analysis shows that *I*^2^, for the test of heterogeneity, clearly decreased to 13% after the study of Song et al. is excluded \[[@B45-molecules-23-00779]\], who observed that basal defoliation significantly decreased the concentration of octanoic acid*.* Comparatively, Song et al. \[[@B45-molecules-23-00779]\], Verzera et al. \[[@B29-molecules-23-00779]\], and Moreno et al. \[[@B56-molecules-23-00779]\] each reported an opposite effect of basal defoliation on octanoic acid in wines. Regarding decanoic acid in wine, the overall effect of basal defoliation on its concentration was not significant with moderate heterogeneity ([Figure 8](#molecules-23-00779-f008){ref-type="fig"}, SMD = 0.12, 95% CI = −0.43--0.68, *p* = 0.66, *p* for heterogeneity = 0.02, *I*^2^ = 51%). Timing of basal defoliation and berry maturity level both contributed to the heterogeneity of meta-analysis for decanoic acid (*p* of 0.041 and 0.009, respectively). Subgroup analysis based on the timing of basal defoliation applied shows that early basal defoliation seems to have no remarkable effect on the content of decanoic acid in wine ([Figure 8](#molecules-23-00779-f008){ref-type="fig"}a, SMD = 0.48, 95% CI = −0.15--1.11, *p* = 0.13, *p* for heterogeneity = 0.05, *I*^2^ = 49%). Late basal defoliation reduces the contents of decanoic acid in wines ([Figure 8](#molecules-23-00779-f008){ref-type="fig"}a, SMD = −0.74, 95% CI = −1.43--0.05, *p* = 0.04, *p* for heterogeneity = 0.85, *I*^2^ = 0%). A further subgroup analysis based on berry maturity level was conducted to investigate the effects of basal defoliation on decanoic acid in wines from grapes with varying maturity levels. These results show that basal defoliation leads to a reduction in decanoic acid in wine from grapes with low maturity ([Figure 7](#molecules-23-00779-f007){ref-type="fig"}b, SMD = −0.62, 95% CI = −1.23--0.00, *p* = 0.05, *p* for heterogeneity = 0.75, *I*^2^ = 0%) but induces an increase in decanoic acid level in wines from grapes with high maturity ([Figure 8](#molecules-23-00779-f008){ref-type="fig"}b, SMD = 1.22, 95% = 0.25--2.19, *p* = 0.01, *p* for heterogeneity = 0.27, *I*^2^ = 23%). Verzera et al. \[[@B29-molecules-23-00779]\] also observed inconsistent effects on the contents of decanoic acid imposed by early defoliation in wines from grapes harvested at different times, and they found that early defoliation significantly increased the content of decanoic acid in wine from grapes harvested at first date (°Brix of grape approximately 24.8) but had no significant effect on wines from grapes harvested at second date (°Brix of grape approximately 24.6). Moreover, volatile fatty acids have been found to be generally produced as minor byproducts of fatty metabolism in yeast during fermentation, which is sensitive to nutrient status, oxygen availability, and temperature \[[@B69-molecules-23-00779]\]; therefore, all these factors might mediate the effects of basal defoliation on volatile fatty acids levels in wine.

Ethyl esters of fatty acids (EEFAs) are generally catalyzed by acyl-CoA/ethanol O-acyltransferase enzymes (Eeb1p and Eht1p) via condensation of fatty acid-CoA with ethanol during fermentation \[[@B21-molecules-23-00779]\]. EEFAs are mainly responsible for the fruity aromas of wine. Ethyl butyrate, ethyl isobutyrate, ethyl hexanoate, ethyl isovalerate, ethyl octanoate, and ethyl decanoate are generally considered important odorants due to their relatively high typical concentration and odor activity values in wine. Meta-analysis suggests that defoliation significantly improves the concentration of ethyl butyrate in wine (SMD = 0.59, 95% CI = 0.12--1.06, *p* = 0.01, *p* for heterogeneity = 0.04, *I*^2^ = 41%); however, sensitivity analysis, after the observations from the 100% defoliation treatment in the study of Feng et al. \[[@B28-molecules-23-00779]\] are excluded, shows that no significant effect of defoliation on the concentration of ethyl butyrate has been observed ([Figure S7a](#app1-molecules-23-00779){ref-type="app"}, SMD = 0.36, 95% CI = −0.03--0.76, *p* = 0.07, *p* for heterogeneity = 0.26, *I*^2^ = 17%). Although basal defoliation tends to induce slight increases for the concentrations of ethyl isobutyrate, ethyl hexanoate, ethyl isovalerate, and ethyl decanoate in wine, these increases are not significant ([Figure S7b--e](#app1-molecules-23-00779){ref-type="app"}). Regarding ethyl octanoate, the aggregated results show that basal defoliation does not significantly affect its concentration in wine with low heterogeneity ([Figure 9](#molecules-23-00779-f009){ref-type="fig"}, SMD = 0.29, 95% CI = −0.16--0.74, *p* = 0.21, *p* for heterogeneity = 0.04, *I*^2^ = 41%). Meta-regression analysis shows that the timing of basal defoliation applied and berry maturity level are the main contributors to the heterogeneity (*p* of 0.028 and 0.007, respectively). Subgroup analysis based on the timing of basal defoliation applied show that late defoliation has no significant effect on the concentration of ethyl octanoate in wine ([Figure 9](#molecules-23-00779-f009){ref-type="fig"}a, SMD = −0.41, 95% CI = −0.95--0.12, *p* = 0.18, *p* for heterogeneity = 0.77, *I*^2^ = 0%). Furthermore, subgroup analysis based on berry maturity level indicates that the concentrations of ethyl octanoate in wines from grapes with low and moderate maturity are not affected by basal defoliation, but are significantly increased in wines from grapes with high maturity ([Figure 9](#molecules-23-00779-f009){ref-type="fig"}b). In addition to the studies included in meta-analysis, Verzera et al. \[[@B29-molecules-23-00779]\] observed that fruit set defoliation significantly increased the concentration of ethyl octanoate in wine from the first harvest date (°Brix of grape approximately 24.8), whereas it did not exhibit a significant effect on ethyl octanoate in wines from the second harvest date (°Brix of grape approximately 24.6). Moreno et al. \[[@B56-molecules-23-00779]\] observed that pre-bloom defoliation induced an increase in most ethyl esters in wine. Based on the results above, the authors can infer that the timing of basal defoliation applied and berry maturity are both responsible for the concentration of ethyl octanoate in wine, but how these two factors influence the effect of basal defoliation on the ethyl octanoate level in wine needs to be further investigated.

3. Materials and Methods {#sec3-molecules-23-00779}
========================

3.1. Data Selection {#sec3dot1-molecules-23-00779}
-------------------

Papers were collected using the search terms "wine" AND ("leaf removal" OR "defoliation") AND ("aroma\*" OR "volatile\*")" on Google Scholar, and the records were included until December 2017. Studies were withheld only if they met following criteria:There were ≥2 repetitions.Control and treatment measurements were reported.Means, standard errors, or *p* values were reported. Standard error could be estimated from *p*-values \[[@B70-molecules-23-00779]\]. Additionally, 1% of the mean was used as an estimate of standard error to calculate the effect size for a few compounds with no variance reported in some studies \[[@B71-molecules-23-00779]\].Basal defoliation was applied rather than other techniques to improve cluster exposure such as shoot thinning.

3.2. Database {#sec3dot2-molecules-23-00779}
-------------

Based on the selection criteria, nine studies were selected for this meta-analysis \[[@B2-molecules-23-00779],[@B5-molecules-23-00779],[@B27-molecules-23-00779],[@B28-molecules-23-00779],[@B30-molecules-23-00779],[@B31-molecules-23-00779],[@B38-molecules-23-00779],[@B45-molecules-23-00779],[@B53-molecules-23-00779]\]. Data reported in these nine studies were obtained from tables or extracted from plots using ImageJ (Version 1.51K; National Institute of Health, Bethesda, MD, USA). Volatile compounds were classified into two groups: (1) varietal flavors and aromas, including C~13~-norisoprenoids, terpenes, and methoxypyrazines; and (2) flavors and aromas formed during fermentation, including C~6~ compounds, higher alcohols, and their acetates, fatty acids, and their ethyl esters. The study characteristics (authors, publication year, and replicates), grape cultivar, difference of berry maturity between control and defoliation treatment (MDf), berry maturity level (BM), timing (DT), and severity (DS) of basal defoliation for each study were recorded ([Table S1](#app1-molecules-23-00779){ref-type="app"}). Data regarding all different grape varieties or clones, timings of basal defoliation, levels of basal defoliation, and vintages in one study were extracted and separated into different independent trials.

3.3. Data Analysis {#sec3dot3-molecules-23-00779}
------------------

Meta-analysis and statistical analyses were conducted using Stata program (Version 12.0; Stata Corporation, College Station, TX, USA) and REVMAN software (Version 5.0; Cochrane Collaboration, Oxford, UK). The standard mean differences (SMDs) and 95% confidence intervals (CIs) were estimated from each trial for the effects of basal defoliation on volatile compounds in wines by using random effect models. Heterogeneity of basal defoliation effects across trials was tested with Hedge's test (*p* \< 0.05), which examines the null hypothesis that all studies are evaluating the same effect. The *I*^2^ statistics, a quantitative measure of inconsistency across trials, were also examined, as they provide the proportion of total variation in study estimates due to heterogeneity. The authors considered that trials with an *I*^2^ value of 25--50% as having low heterogeneity, trials with an *I*^2^ of 50--75% as having moderate heterogeneity and trials with an *I*^2^ \> 75% as having high heterogeneity. Meta-regression was conducted to explore potential explanations for heterogeneity within the significance of berry maturity differences among control and defoliation treatments, berry maturity level, timing of basal defoliation applied, and the level of basal defoliation applied as covariate, and further subgroup analysis was conducted based on these covariates. Additionally, potential sources of heterogeneity were also identified by sensitivity analysis to investigate the influence of specific trials on the overall pooled estimate. To facilitate the meta-regression analysis, differences in berry maturity among control and defoliation treatments, berry maturity level, as well as timing and severity of basal defoliation were set as covariates, and were quantitatively defined as the following criteria:MDf: 1 = "total soluble solids showed no significant difference between control and treated berries"; 2 = "total soluble solids in treated berries were significantly higher than that in control berries".BM: 1 (low maturity) = "°Brix \< 23"; 2 (moderate maturity) = "23 \< °Brix \< 25"; 3 (high maturity) = "°Brix \> 25".DT: 1 = "pre-veraison"; 2 = "veraison/post-veraison".DS: 1 = "all leaves removed from the base of shoot to the node just above the apical cluster"; 2 = "not all leaves removed from the base of shoot to the node just above the apical cluster".

Moreover, due to the limited information of climate in the published studies and no explicit criteria for grape cultivar, the authors narratively discussed the influence of basal defoliation on wine aromas in different cultivars and climates.

4. Conclusions {#sec4-molecules-23-00779}
==============

The current meta-analysis quantitatively reviews the effects of basal defoliation on the volatile compounds in wine by the synthesis of previous published studies and revealed potential factors relative to discrepancies across these studies. Summarily, timing of basal defoliation plays an important role in the concentration of varietal aromas in wine. Pre-veraison defoliation can induce an increase in *β*-damascenone and linalool as well as a reduction in IBMP. The effects of basal defoliation on certain volatile compounds relative to fermentation aromas in wine (1-hexanol, *β*-phenylethanol, 2-phenylethyl acetate, decanoic acid, and ethyl octanoate) depend on grape maturity. Additionally, it was significant that isobutanol, isoamyl alcohol, hexanoic acid, and octanoic acid as well as ethyl isobutyrate, ethyl hexanoate, ethyl isovalerate, and ethyl decanoate in wine were not affected markedly by basal defoliation. The current meta-analysis results serve as a reminder that great attention should be given to the timing of basal defoliation and grape maturity in the application of basal defoliation. Certainly, there are other factors such as cultivar and climate conditions that are responsible for the behavior of basal defoliation on wine aromas, though these factors were not quantitatively assessed in this meta-analysis. Due to the current meta-analysis results being based on the limited available studies, understanding the precise effect of basal defoliation on wine aromas remains a great challenge for viticulturists and winemakers. More rigorous and carefully designed experiments should be conducted in the future.

A future area with significant need is to assess the effect of basal defoliation on wine sensory. Odor activity values (OAVs) of volatile compounds in wine and sensory analysis could help researchers to understand whether changes in the concentrations of volatile compounds in wine caused by basal defoliation can be perceived. Furthermore, economic justification should be considered also when growers apply basal defoliation. Regarding the control of bunch diseases, basal defoliation, especially if applied at an early stage, could be more effective than fungicide applications. Previous studies have demonstrated that basal defoliation could save 27% on costs \[[@B16-molecules-23-00779]\]. Additionally, another study reported that pre-bloom defoliation had no negative influence on yield and effectively reduced the cost to produce one unit of total skin anthocyanins in a warm region \[[@B72-molecules-23-00779]\]. Basal defoliation appeared to benefit cultivators in these cases. However, Geller et al. \[[@B73-molecules-23-00779]\] reported that inclusion of mechanical basal defoliation added an additional cost of \$65/hectare, while having no beneficial effects on yield components or berry composition. Wine bouquet is of great importance to wine quality; however, to the best of the author's knowledge, no study has assessed whether the gains in wine sensory quality can offset the cost of basal defoliation. Someday, studies on wine sensory quality should also take the cost of basal defoliation into account.

This work was supported by the China Agriculture Research System (CARS-29).
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